ABSTRACT Gain mediums attract much attention due to their excellent amplification characteristics. However, the potential applications of gain mediums are severely limited because of the requirement of a high external energy to excite the media, thereby compensating for the ohmic loss. In this paper, we developed a theoretical model by numerically solving the coupled Maxwell's equations and semiclassical electronic rate equations using the finite-difference time-domain method. In the model, the active gain medium is represented by a four-level atomic system, and the atoms are pumped with a homogeneous pumping rate. Then, we investigated the loss compensation with the synergetic effects of gain mediums and extraordinary optical transmission (EOT) phenomena caused by the excitation of the surface plasmon polariton. With the proposal of a novel gain/metal/gain structure that is patterned to be a periodic subwavelength hole array, the self-consistent process of EOT phenomena coupled to the gain medium enables full compensation of the ohmic loss under a much lower pumping rate. This paper not only presents a novel structure but also provides deep insight into the interaction between nanostructures and gain mediums.
I. INTRODUCTION
Over the past few years, fascinating and far-reaching optical devices such as fiber optics, lasers, perfect lenses [1] , invisibility cloaking devices [2] - [4] , and enhanced optical nonlinearities devices [5] have drawn much attention. These optical devices are based on a wide variety of physical phenomena that are derived from their nanostructures (such as metamaterials [6] - [8] , photonic crystals [9] , and random media [10] ). Additionally, the requirement of reducing or even compensating for losses is a key challenge for nanotechnology. This challenge arises because most nanostructures are based on a metal, but the ohmic losses of metals are still too large for the envisioned practical applications of optical devices in the optical regime. However, achieving further reductions by design optimization seems unreachable; thus, we must research the physical mechanism of gain medium.
Recently, gain mediums [11] - [15] based on dye molecules, quantum wells and quantum dots were proposed to overcome the limitation introduced by the ohmic losses for optical devices that rely on noble metals. However, these methods require a high external energy to excite the gain medium to compensate for loss or create a laser. Additionally, extraordinary optical transmission (EOT) [16] - [18] properties have attracted much attention in recent years [19] - [22] . It is common knowledge that a surface plasmon polariton (SPP) [23] - [26] , an electromagnetic surface wave, travels along the interface between a dielectric and a metal, which plays a key role in this procedure. Once a metal film is placed in a periodic array, a significant optical transmission and electric field enhancements at the entrances of the aperture are observed. This field enhancement externally promotes the incident light to be tunneled through subwavelength apertures, yielding a much larger transmittance than those expected from the classical theory of diffraction. An amplified resonant electric-field intensity is associated with the effect of SPP at the metal surface. Therefore, it is of vital importance to understand the coupling mechanism between EOT and a gain medium to reduce the threshold where ohmic loss is completely compensated. This knowledge will considerably benefit the expansion of gain medium applications. The study can also be used in plasmonics to design new nanoplasmonic experiments [27] , [28] to explore the effect of a gain medium.
Some remarkable works have simulated a gain medium with an optical pump mechanism using the finite element method (FEM) [29] . However, for frequency domain methods, such as the finite-difference frequency-domain (FDFD) method [30] and the FEM method, sufficient frequency sampling points must be calculated, which may require large amounts of computer storage and simulation time. Alternatively, the time-domain method [31] - [35] is much more efficient and can be used to obtain wideband information from a single calculation. To study the properties of amplification generated by gain mediums, the finite-difference timedomain (FDTD) method [36] - [38] is applied to solve the coupled Maxwell's equations and rate equations [39] , [40] for simulating the physical processes of gain medium. A gain medium can coherently absorb energy at the pump frequency and emit energy into the signal filed at a lower frequency, but an error will be generated because of the interaction between the pump pulse and the probe pulse, which coexist in the system. Then, the incidence of the probe pulse must wait for the decay of the pump pulse, leading to a large time cost in traditional FDTD simulations. To improve the accuracy and efficiency of the simulation, we can simplify the pumping process by pumping the electrons from the ground state level (N 0 ) to the third level (N 3 ) with a homogeneous pumping rate f pump instead of using optical pumping. This pumping rate is proportional to the optical pumping intensity in experiments [41] and the simplification is valid for the thin gain slab. In fact, for most existing cases, the large time loss caused by the complicated problem in the simulation process remains a challenge; therefore, a parallel technology [42] was presented primarily to resolve the above problems, and the FDTD method is a simple and practicable approach to using parallel technology to overcome the limitation of the CPU time of a single processor.
In this work, we developed a FDTD-based method to investigate the EOT phenomena by solving the coupled Maxwell's equations and the semiclassical electronic rate equations, and we proposed a new structure to theoretically investigate the optical amplification of EOT characteristics in periodic arrays of subwavelength apertures that couple gain mediums. Specifically, the realistic structure we designed is a novel gain/metal/gain structure patterned into a periodic subwavelength [43] square hole array. A homogeneous pump mechanism is used to simplify the pumping process, and a parallel FDTD algorithm is used to gain computational efficiency. The refractive index n g for gain (red) is 1.62, the metallic film is composed of silver (yellow), and its permittivity is described by the Drude model. The dimensions are h m = 150 nm, h g = 200 nm, p = 450 nm and l = 300 nm. The background of the entire structure is air.
Depending on the value of the homogeneous pumping rate, our findings reveal that two separate channels arise, and the physical mechanism behind this result is discussed.
II. THEORY AND MODEL
The proposed structure is illustrated in Fig. 1 . A thin slab of silver is sandwiched between two identical dielectric sheets, which function as a gain medium with a positive pumping rate. The refractive index of the gain medium is n g = 1.62, and the thickness of the silver metallic film and gain medium are h m = 150 nm and h g = 200 nm, respectively. The three-layer structure is perforated by a periodic array of subwavelength cube holes. The length and period of a side of the square holes are chosen as l = 300 nm and p = 450 nm, respectively. The simulation domain in our FDTD simulation is set by the periodic boundary conditions to model the infinite periodic structure along the x-direction and y-direction and the perfectly matched layers (PML) are used to simulate the infinite space along the z-direction. The spatial and temporal steps are x = y = z = 5.0 × 10 −9 m and t = 8.33 × 10 −18 s.
The material of the metallic region is chosen as silver, which is characterized by the dielectric constant ε m (ω) in the Drude model.
where ε ∞ is the non-resonant permittivity, ω p is the plasma frequency and γ p is the damping parameter. The parameters in the above equation are ε ∞ = 4.6, ω p = 9.0 eV, γ p = 0.07 eV. The time-dependent Maxwell's equations in an isotropic media are written as:
where B(r,t) = µµ 0 H(r,t), D(r,t) = εε 0 E(r,t) + P(r,t), and P(r,t) indicates the dispersive electric polarization VOLUME 6, 2018 density of the gain medium, which can acquire amplification. It is the bridge between the electromagnetic field and quantum physics. The polarization density P introduces gain into Maxwell's equations and corresponds to the transitions between the second atomic level N 2 and the first atomic level N 1 . Additionally, its time evolution follows that of a homogeneously broadened Lorentzian oscillator driven by the incorporation of the population inversion and external electric field. Hence, the vector P obeys the equation of motion:
where a represents the linewidth of the atomic transitions ω a with a = 20 THz, ω a = 2π × 4.25 × 10 14 rad/s, and σ a is the coupling strength of P to the external electric field and equals 10 −4 C 2 /kg. The factor N (r, t) = N 1 (r, t)−N 2 (r, t) stands for the population inversion between the second level (N 2 ) and the first level (N 1 ) and actuates the polarization density P. The first level (N 1 ) and the second level (N 2 ) are also referred to as the lower and upper lasing levels, respectively.
Thus, the dispersive Lorentz gain medium is specified as a simplified model using a generic four-level atomic model, as shown in Fig. 2 . The atoms can be pumped from level 0 (N 0 ) to level 3 (N 3 ) with a homogeneous pumping rate f pump , and the level 0 (N 0 ) is also known as the ground state level. After a transient lifetime τ 32 , atoms can be transferred non-radiatively from the third level (N 3 ) to the metastable second level (N 2 ). In addition, after a brief lifetime τ 21 , atoms in the upper lasing level (N 2 ) transfer into the lower lasing level (N 1 ) by stimulated and spontaneous emission. Finally, an ephemeral lifetime τ 10 later, atoms rapidly and non-radiatively transmit from the lower lasing level (N 1 ) to the ground state level (N 0 ).
The occupation numbers should satisfy the following rate equations: 
where τ 
III. NUMERICAL RESULTS AND DISCUSSION
In this study, the initial conditions are as follows: (1) the atomic population density of the ground state (N 0 ) is equal to N tot , and (2) all atoms are in the ground state (N 0 ). The atoms are then pumped from the ground state (N 0 ) to the third level (N 3 ) at a constant pumping rate f pump . To save computation time and memory space, the saturated state is chosen as the initial condition of the population numbers to avoid a longtime decay for the pump pulse in the homogeneous pump mechanism. The initial condition is given by
First, to test the validity of our model, we will benchmark it with the published data [15] , using the corresponding parameters and related model of reference [15] . The absorption spectrum as a function of wavelength for different pump rates is shown in Fig. 3 . Thus, our results have significant agreement with that of the reference.
Next, we will consider the structure shown in Fig. 1 . Transmission (T), reflection (R) and absorption (A) spectra of the passive medium (without gain) are displayed in Fig. 4 , and the two resonances appeared at λ = 630 nm and λ = 705 nm. Fig. 5 is the profile of the magnetic field at the on-resonance wavelength (λ = 705 nm). The results suggest that the physical origin of the resonances is due to the excitations of the SPP at the interfaces of the holes array leading to the field focusing on the metal-dielectric interfaces. Additionally, because of the amplification characteristics of EOT, the transmission of the system can reach 75% without the gain medium. The optical characteristics of the proposed structure will offer a favorable condition for the usage of the gain medium.
Figs. 6(a)-(c) clearly show that the response of the entire system is a function of the homogeneous pumping intensity. With the increase of f pump , the electromagnetic energy generated by the gain medium gradually compensates for the intrinsic ohmic losses caused by the metal. Notably, the resonant peak at λ ≈ 630 nm is barely affected by the homogeneous pumping, essentially, because the corresponding wavelength is far from the emission wavelength of the gain medium. After increasing f pump to 4.33 × 10 8 s −1 , the pump field is sufficiently large, and the ohmic losses that were present in the structure are fully compensated, as shown in Fig. 6 . If the pump strength is further increased, the amplitude of the absorption spectra at λ ≈ 705 nm becomes negative, which means the system behaves as an optical amplifier. Fig. 7 illustrates the profile of the magnetic field at the onresonance wavelength (λ = 705 nm) with f pump = 4.33×10 8 s −1 . The field also focuses on the metal-dielectric interfaces. Additionally, because of the effect of the gain medium, the strength of the SPP and the value of the magnetic field are enhanced compared with that shown in Fig. 5 . For comparison, in [15] , as the pumping rate increased, the absorption VOLUME 6, 2018 decreased, and when the pumping rate reached 6.6 × 10 9 s −1 , the gain overcompensated for the losses of the fishnet structure, and the absorption became negative. In [41] , the splitring resonator (SRR) was completely compensated by the gain medium at a pumping rate of 1.9 × 10 9 s −1 . However, for the proposed structure, the ohmic loss is entirely offset with a lower pumping rate (f pump = 4.33 × 10 8 s −1 ). The numerical results indicate the coupling of SPP, and the gain medium significantly reduces the pump strength required to achieve complete compensation of the ohmic losses.
Additionally, the ohmic loss is completely compensated by the gain medium, and 100% transmission is achieved at the central frequency at λ ≈ 705 nm. This is similar to the full transmission characteristic observed in the EOT phenomenon, that is, when the metal satisfies Im(ε m ) = 0, it behaves as a perfect metal. To explore the above full transmission properties, the transmission and reflection coefficient of the perfect metal are compared for two cases: when the imaginary part of the metal is artificially set to zero (dashed line, Fig. 8 ) and when complete ohmic loss compensation occurs in the active structure for f pump = 4.33×10 8 s −1 (solid line, Fig. 8 ). Fig. 8 shows that these two cases have excellent agreement. This result illustrates that if the energy provided by the gain medium is high enough to completely compensate for the ohmic loss, the active structure is a passive system where the silver regions are replaced by a perfect metal. In the Drude model, γ p represents the loss of the metal and influences the bandwidth. However, γ p of the lossless case and the loss case (i.e., equal to 0.07 eV) are different, so the bandwidths of the above two cases are slightly different.
Finally, to investigate the response of the system, we divided it into different operation regimes to control the total decay rate of the electromagnetic energy stored in the structure, and the effect of different regimes in this active system were analyzed. The total decay rate of the system ( T ) is defined as a function of f pump as where rad represents the decay rate of the intrinsic radiation losses, and Ohm is the decay rate of the ohmic losses. Note that the value of ohm and rad are only related to the material characteristics of the noble metal and the geometrical structure, respectively, and they have no relationship with f pump . However, g (f pump ) is a function of the external energy that is pumped into the system by the gain medium. The dependence of g on the pumping rate is obtained by observing the change of the linewidth for a given transmission resonance. g (f pump = 0) = 0 is obviously satisfied without external pumping of the gain medium. As the pumping rate increases, g (f pump ) simultaneously increases.
In Fig. 9 , the decay rates are normalized to the total decay rate of the active system with no external pumping T (f pump = 0) and are equal to rad + Ohm . The horizontal red line displayed in Fig. 9 corresponds to the value of the normalized ohmic losses, Ohm / (f pump = 0). Blue dots represent the calculated values of g / T (f pump = 0) for the corresponding values of f pump . The inset plot of Fig. 9 shows the normalized total decay rate T / T (f pump = 0) versus the pumping rate. Fig. 9 also shows that there are two different channels (denoted A and B) decomposed from this active system. From a physical point of view, for the values f pump < 4.33×10 8 s −1 (region A in Fig. 9) , the simulation results demonstrate that the electromagnetic energy generated by the gain medium is first used to compensate for the ohmic losses when the pumping intensity is low. In this situation, the gain medium functions as an optical amplifier, which can effectively reduce the total linewidth of the transmission resonance. When f pump is equal to 4.33 × 10 8 s −1 , the value of the normalized ohmic losses ( Ohm / (f pump = 0)) and the external energy g (f pump = 4.33×10 8 s −1 ) agree, and the above result proves that the full compensation of the ohmic losses occurs exactly at f pump = 4.33 × 10 8 s −1 (Fig. 5) . After the ohmic losses are entirely compensated, further increase of f pump makes the FIGURE 9. The normalized rate of gain g / (| f pump = 0|) as a function of f pump is represented by a blue solid line, and the dotted red line corresponds to intrinsic ohmic losses present in the system. The dotted green line separates the system into regions A and B. The inset shows the normalized total decay rate T / T (f pump = 0) versus the pumping rate.
system reach a novel regime, i.e., region B of Fig. 9 , and the energy afforded by the gain medium begins to compensate for the radiation losses.
IV. CONCLUSION
In this work, we developed a realistic active structure in which the loss compensation properties of a homogeneous pumped gain medium coupled with the EOT phenomena is theoretically studied. In particular, we analyzed the spectral responses of the above active structure milled in a silver metallic film that is sandwiched between two thin layers of gain medium and formed by a periodic array of subwavelength square holes. The subwavelength periodic array of apertures assists the electromagnetic field in penetrating the metallic regions, and then the suppression of loss becomes more effective and simpler for the gain medium. As a result, moderate values of the pump intensity level completely compensate for the intrinsic ohmic loss from our simulation conditions. Our encouraging results are of a great significance to applications of gain mediums and the future design of new plasmonics experiments.
